Hill ex Maiden and its hybrids are commonly planted by the Brazilian pulp and paper industry, but they are the most susceptible to the neotropical rust disease caused by Puccinia psidii Winter. In an initial attempt to understand the mechanisms of resistance, we constructed two contrasting Serial Analysis of Gene Expression (SAGE) libraries using susceptible and resistant individuals from a segregating half-sibling E. grandis population. Using the Z-test we identified tags differentially expressed between the libraries, preferentially 239 in the susceptible and 232 in the resistant type individuals. Using public (Expressed Sequence Tags) EST databases, 40 of the susceptible and 70 of the resistant tags matched ESTs and were annotated. By comparing the type of genes and their expression levels, distinct differences between the libraries were observed. Susceptible plants showed gene expression linked to leaf senescence, generalised stress responses and detoxification, and are apparently incapable of inducing a competent host defence response. On the other hand, resistant plants showed genes upregulated for cellular polarisation, cytoskeleton restructuring, vesicle transport, and cellulose and lignin biosynthesis. In the resistant individuals, evidence for systemic resistance, anti-oxidative responses and a hypersensitive response was also observed, although no R gene was identified.
Introduction
Eucalyptus is the most important arboreal genus for the Brazilian pulp and paper industries, producing ∼11 million tonnes of cellulose pulp per year from 1.28 million hectares planted with eucalypt species (BRACELPA 2006) . Although the production has reached 45-60 m 3 per hectare (Mora and Garcia 2000) , various abiotic and biotic stresses influence these production figures. One of the most important diseases that currently affect eucalyptus plantations is caused by the neotropical rust fungus Puccinia psidii Winter (Coutinho et al. 1998) . The neotropical rust disease caused by Puccinia spp. affects South American members of the Myrtaceae family and rapidly adapted to eucalypts after their introduction into Brazil (Coutinho et al. 1998) . Thus, this disease has the potential to be a significant threat to economically important Australian Myrtaceous plants.
Eucalyptus grandis Hill ex Maiden and its hybrids are preferentially used by the paper industry because of their rapid growth and high volumetric yield, but unfortunately they are the most susceptible to P. psidii. This fungus attacks young trees, normally younger than 2 years old, thus it principally affects nurseries and recently planted areas (Alfenas et al. 1997) . Although it has been shown that there is a high degree of variability in the response of E. grandis to P. psidii under field and greenhouse conditions (Ferreira and Silva 1982) , the selection of resistant clones has been successful in Brazil. Junghans et al. (2003) suggested the potential use of the RAPD marker AT9/917, that co-segregated with the resistant phenotype, in marker-assisted breeding programs, but little is still known about the specific genes involved in the resistance mechanism.
Serial Analysis of Gene Expression (SAGE) was initially described by Velculescu et al. (1995) as a technique to quantify gene expression profiles for phenotypically contrasting genotypes or genotypes at different developmental stages. Since then, SAGE has been used to characterise gene expression in sugarcane (Saccharum officinarum L.) (Calsa and Figueira 2007) , a pathogenic fungus (Irie et al. 2003) and various plant species including Arabidopsis (Jung et al. 2003) and Pinus taeda L. (Lorenz and Dean 2002) . This paper describes the use of SAGE to compare the gene expression profiles of susceptible and resistant individuals of E. grandis exposed to P. psidii under field conditions.
Materials and methods

Biological material and RNA extraction
Susceptible and resistant individuals Eucalyptus grandis Hill ex Maiden were selected from a segregating population of half-siblings generated by open pollination of a resistant E. grandis clone (Suzano Papel e Celulose), after being naturally infected with Puccinia psidii Winter under field conditions. The population was planted in an area with endemic P. psidii so that all of the individuals within the population were exposed to approximately the same inoculum. Individuals showing pustules were classified as susceptible and the rest of the population showing no or low numbers of halos were classified as resistant. Twenty young, fully expanded leaves were collected from 10 individuals selected to represent each phenotype, to form susceptible (symptomatic) and resistant (non-symptomatic) bulks. Total RNA was extracted using the protocol described by Zeng and Yang (2002) with 1 g of fresh frozen and ground leaves.
To check RNA quality, mRNA was purified using the Dynabeads mRNA Purification Kit (DYNAL Biotech, Oslo, Norway) and an RT-PCR was performed using eucalyptus specific primers for the UDPglucose pyrophosphorylase gene and the Superscript One-step RT-PCR kit with Platinum Taq (Invitrogen, Carlsbad, CA, USA).
SAGE library construction and sequencing
After obtaining good quality total RNA, 50 µg were utilised in the library construction using the I-SAGE Kit, NlaIII as the anchoring enzyme and BsmFI as the tagging enzyme (Invitrogen T5000-01). SAGE tags were cloned into pZerO and used to transform Escherichia coli. Plasmidial DNA extractions were carried out using PureLink Plasmid Purification System (Invitrogen) and the inserts sequenced using the BigDye Terminator v3.1 system and the ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
Bioinformatics and statistical analysis
The sequence quality was analysed using Phred (www.phrap.org, accessed 10 April 2004), accepting reads with a minimum of 400 bases score 20. Tag sequences were extracted from the sequencer text files using SAGE 2000 (http://www.sagenet.org/, accessed 12 July 2003). This software was also used to compare the tag counts between the susceptible and resistant libraries and significantly differentially expressed tags were identified by the Z-test (Kal et al. 1999) . Tag sequences were used in the blastn program (Basic Local Alignment Search Tool, Search a nucleotide database using a nucleotide query) to identify Expressed Sequence Tags (ESTs) in a locally constructed database containing all the publicly available eucalyptus ESTs and cDNAs. Only those sequences where the tag sequence was immediately after the last NlaIII recognition site (CATG) before the poly A tail were used for annotation purposes. These sequences were then annotated using blastx (Search protein database using a translated nucleotide query) and the presence of functional domains confirmed using Open Reading Frame (ORF) Rison et al. (2000) .
Results and discussion
Tag extraction, analysis and annotation
After cloning of the SAGE tags, we were able to sequence 1154 and 1306 clones for the susceptible and resistant SAGE libraries, respectively. Using SAGE 2000, 31 645 and 39 964, tags were extracted from the sequence data of the susceptible and resistant libraries, respectively, giving a total of 71 609 tags to be analysed. In both libraries, almost 30% of the tags were represented as singletons leaving 21 825 and 27 811 tags with more than two copies in the susceptible and resistant libraries, respectively. These tag numbers represent a cumulative gene count of 4095 and 5213 in the susceptible and resistant libraries, respectively. Using the Z-test, we identified 471 tags as being differentially expressed (P ≤ 0.05) where 239 were preferentially expressed in the susceptible library and 232 in the resistant. Of these, 17% (40/239) and 30% (70/232) could be associated to an EST, annotated and put into functional categories (Table 1) .
Absence of P. psidii-derived tags
To see if any of the unidentified tags were fungus derived, we compared all of the extracted unique tags (8548) to the publicly 
Genes preferentially expressed in the susceptible library
The Metabolism category showed increased expression of Rubisco activase (Table 2) which is responsible for the activation of the Rubisco complex (Andralojc et al. 1994) and in the case of our infected susceptible plants, the photosynthetic capacity is reduced, thus the increased expression of the activase is probably an attempt to maintain C fixation.
Six genes were differentially expressed in the Cellular Process category (Table 2) . A fruit-ripening protein was the most abundant transcript which belongs to a family of plant proteins induced by water deficit (WDS) or abscisic acid (ABA) and are also named abscisic acid stress ripening (ASR1) proteins. Jeanneau et al. (2002) suggested that they were putative transcriptional factors responsible for gene regulation during stress. Yang et al. (2005) demonstrated altered expression of ABA/stress-regulated genes using a transgenic line overexpressing a lily (Lilium longiflorum Thunb) ASR protein (LLA23) in Arabidopsis. Increased expression of an N-rich protein (NRP) with unknown function was also observed but Ludwig and Tenhaken (2001) showed that this cell wall protein is not directly induced by salicylic acid or hydrogen peroxide. This indicates that the NRP-gene is not induced by the pathogen but is specifically upregulated during the hypersensitive response (HR). This would suggest that the susceptible E. grandis plants can induce an initial NRP response but are unable to convert it into a full hypersensitive response.
Two tags representing the translationally-controlled tumour protein (TCTP) showed increased expression (Table 2) and enhanced TCTP expression has been linked to Ca homeostasis in aluminium-stressed tolerant soybean (Glycine max L.) roots (Ermolayev et al. 2003) . From the sequence alignment of the two ESTs, we observed the existence of two genes rather than isoforms of the same gene. A tag representing a Universal stress protein (USP) was also more expressed in the susceptible material (Table 2 ) and although this protein was originally described in prokaryotic organisms, it has been documented in various plant species as playing a role in ethylene mediated stress adaptation in rice (Sauter et al. 2002) . The presence of this protein probably demonstrates a generalised stress response being induced in the susceptible E. grandis leaves.
A calmodulin gene showed higher expression (Table 2 ) and it is interesting to note that calmodulins are mediators of Ca 2+ -dependent signals during host defence responses to bacterial pathogens (Chiasson et al. 2005) . However, recent work by Takabatake et al. (2007) demonstrated that of the two calmodulin isoforms (CaM type I and III) induced by Tobacco Mosaic Virus (TMV) infection in tobacco (Nicotiana tabacum L.), only one CaM type III was involved in the expression of a resistant phenotype. Our tag represented a type I CaM which had no influence on disease resistance.
In the Transport category, an ADP-ribosylation factor was preferentially expressed and is involved in membrane trafficking (Vernoud et al. 2003) which is important in cellular organisation during biotic and abiotic stress responses. In the Structure and Organisation of the Structure category, only one tag was observed representing profilin, which is important in cytoskeleton dynamics regulating the polymerisation of the actin monomers allowing growth of the actin filaments that provide mechanical support for the cell, determine cell shape, enable cell movements and also participate in cytoplasmic streaming and are present at the infection site (Schütz et al. 2006) . It was interesting to note that the second-most expressed tag represented a cysteine protease ( Table 2 ) that is preferentially expressed during the induction of pea (Pisum sativum L.) leaf senescence (Pic et al. 2002) . A chloroplast chaperonin 21 (Table 2) was also observed and has been shown to assist in the folding and assembly of proteins found in the matrix of mitochondria and chloroplasts (Yang and Poovaiah 2000) . In our case, this protein is probably functioning to maintain normal folding and assembly of the chloroplast and mitochondrial proteins under stressful conditions.
Genes preferentially expressed in the resistant library
In the Metabolism category, two galactinol synthase genes were observed and based on the sequence alignments and similarity to the same protein (gi 5608497), we would suggest that they are alternative transcripts for the same gene, one with higher expression than the other (Table 3) . Galactinol synthase is a key enzyme for the synthesis of the raffinose family oligosaccharides (RFO). These oligosaccharides have been linked to drought, osmotic and heat stress (Travert et al. 1997; Panikulangara et al. 2004) and are the predominant transport sugars in some plants (Turgeon and Gowan 1992) . The relative increase in galactinol synthase expression in the resistant plants could be explained as part of a universal stress response or reduced expression in the susceptible leaves as reflected by the generally lower expression of the genes in the metabolism category.
Other primary metabolism enzymes preferentially expressed in the resistant plants included: adenosine kinase (ADK), a key enzyme for the regulation of intracellular levels of adenylates and in the salvage of adenylates and methyl recycling (Moffatt et al. 2000) ; UDPglucose pyrophosphorylase, which converts D-glucose-1-P to UDPglucose that enters into the production of structural components such as cellulose, hemicelluose and pectins and a ketol-acid reductoisomerase, involved in the biosynthesis of leucine, isoleucine and valine (Table 3) .
Two of the most expressed genes in the Cellular Processes category represented metallothionein-like proteins (Table 3) . Butt et al. (1998) demonstrated that the expression of the Arabidopsis metallothionein gene LCS54 was induced during the hypersensitive response caused by biotrophic or necrotrophic pathogens suggesting that its function was to protect the cell and maintain viability in the presence of excess reactive oxygen species during infection and host defence processes. In addition, Mir et al. (2004) showed that a cork (Quercus suber L.) metallothionein had a role in combating oxidative changes during abiotic stress.
One of the preferentially expressed tags in the resistant library was identified as a catalase (Table 3) . Kuzniak and Skłodowska (2005) showed that catalase activity in the leaf peroxisome was pathogen-induced and had a role in mediating antioxidant protection, diminishing as the disease progressed. In addition, Vandenabeele et al. (2003) produced catalase-deficient tobacco mutants and demonstrated that the accumulation of hydrogen peroxide produced a transcriptional response that mimicked that reported during both biotic and abiotic stresses, including the upregulation of genes involved in the hypersensitive response to pathogens.
In the Structure and Organisation of the Structure category, we encountered tags representing α-tubulin and β-tubulins (Table 3) which are the most common members of the tubulin family that form the microtubules within the cytoskeletal Table 3 . List of the 20 most preferentially expressed tags in the resistant library Respective tag counts for each library, the fold increase, their putative identification and associated functional category are given. S = susceptible and R = resistant library. *P ≤ 0.05; **P ≤ 0. network. Microtubules serve as structural components within cells and are involved in many cellular processes including the transport of vesicles from the cell interior to their destination and can also serve to orientate the deposition of cellulose microfibrils in the cell wall (Oda et al. 2005 ). An allergenic isoflavone reductase, which is involved in secondary metabolism, was preferentially expressed in the resistant leaf tissue (Table 3) . These proteins could be involved in the increased biosynthesis of isoflavonoids, lignans and secondary metabolites such as phytoalexins, in the resistant plants. Supporting this idea, caffeoyl-CoA O-methyltransferase (Table 3 ) was also preferentially expressed in these plants which is directly related to lignin biosynthesis and is one of the most expressed genes during eucalyptus wood formation (Paux et al. 2004) .
Expression profile of the genes differentially expressed in the susceptible library
When we observe the lists of preferentially expressed genes in each library (see Tables S1 and S2 in the accessory publication available from the online version of Functional Plant Biology) and the distribution of all differentially expressed tags into functional categories (Table 1) , clear differences between the expression profile of the susceptible and resistant material can be seen. Although the Cellular Processes category is the most represented in both libraries (Table 1) , there is, however, a clear difference in the identities of the preferentially expressed genes found in this category for each material (Tables S1,  S2) . Typically, the genes expressed in the susceptible material indicated a general response to stress such as the ABA/WDS, NRP, TCTP, USP and calmodulin that have already been mentioned above. We also found a tomato (Lycopersicon esculentum L.) dehydration-induced protein (gi 8489786) that is similar to Arabidopsis ERD15 which has been proposed as a novel mediator of stress-related ABA signalling in Arabidopsis (Kariola et al. 2006) and an osmotin-like protein (a member of the thaumatin family). The osmotin-like protein has a role in both protection against osmotic-related environmental stress and plant defence against pathogens in strawberry (Fragaria ananassa L.) (Zhang and Shih 2007) . Another important gene observed was a lactoylglutathione lyase (glyoxalase I), important in glutathione-based detoxification and osmotic stress response in tomato (Espartero et al. 1995) . From the nature of the genes expressed in the Cellular Processes category, it can be seen that the susceptible plants are differentially expressing genes linked to leaf senescence (cysteine protease and NRP involved in PCD), generalised stress responses (TCTP, USP, osmotin and ABA/WDS) and detoxification (glyoxalase I), but are apparently incapable of inducing a competent host defence response to P. psidii.
Expression profile of the genes differentially expressed in the resistant library
It was not surprising to observe that the Metabolism category was more represented in the resistant material (Table 1) but it was interesting to note which genes were upregulated in this material (Table S2) . Among the upregulated genes in the Metabolism category were the UDPglucose pyrophosphorylase, UDPglucose dehydrogenase, and sucrose synthase, all of which are involved in the production of precursors for cell wall polymer synthesis. The Structure and Organisation of the Structure category was also more represented in the resistant plants (Table 1 ) mainly due to the higher expression of genes related to cytoskeleton organisation, cellulose and lignin biosynthesis (Table S2) . Among these were CesA1, one of the cellulose synthases most expressed during secondary cell walls formation (Ranik and Myburg 2006) , and lignin related genes, coumarate 3-hydroxylase (C3H), p-hydroxycinnamoylCoA:shikimate/quinate p-hydroxycinnamoyltransferase (HCT), caffeic acid/5-hydroxyferulic acid 3/5-O methyltransferase (COMT), caffeoyl-coenzyme A (CoA) O-methyltransferase (CCoAOMT), a dirigent-like protein (Burlat et al. 2001 ) and blue copper proteins (Ezaki et al. 2005) . Three S-adenosylmethionine synthase (SAMS) genes were also preferentially expressed (Table S2 ) and, although SAMS is a housekeeping enzyme, its activity is associated with xylem tissue undergoing secondary growth (Juan et al. 2006) and may function as a local source of methyl groups consumed by CCoAOMT and COMT during high rates of lignification (Cantón et al. 2005) . Another upregulated tag represented a gene which, until recently, would have been overlooked as a housekeeping gene, adenosine kinase (ADK). ADK activity has been shown to be necessary to maintain S-adenosyl-L-methionine available for SAM-dependent methylation reactions used in lignification (Moffatt et al. 2002) . The importance of lignification was demonstrated by Menden et al. (2007) during wheat (Triticum aestivum L.) infection with Puccinia graminis, a defenceinduced enrichment of syringyl lignin was observed in the cell walls of leaves and single cells undergoing a hypersensitive response.
We encountered two tags representing sequences with similarity to the isoflavone reductases family (Tables 3, S2) which are positively correlated with increased secondary growth in transgenic poplar trees (Israelsson et al. 2003) and involved in the biosynthesis of the chiral pterocarpan phytoalexin pisatin as described by Paiva et al. (1994) . Unfortunately, due to the reduced size of the EST sequence that represented the tags, we were unable to define into which group they belonged.
The upregulated gene ketol-acid reductoisomerase is involved in the biosynthesis of the branched amino acids valine, leucine and isoleucine (Table S2) . Leucine-rich proteins have been implicated in the transduction of signals during plant pathogen interactions by binding directly to pathogen derived proteins (reviewed by DeYoung and Innes 2006). Prasad et al. (2006) demonstrated that the valine pathway was more important than the phenyl propanoid pathway in the biosynthesis of the biologically active secondary metabolite capsaicin involved in host defence. Thus, the increased synthesis of leucine/valine in E. grandis during infection could be directed to the biosynthesis of leucine-rich proteins or biologically active secondary metabolites linked to host defence mechanisms. Wang et al. (2000) studied the activation of three phospholipase D genes (PLD α, β and γ ) in wounding response and showed that PLDα activation was linked to the formation of the defence hormone jasmonic acid (JA). Thus, the preferential expression of the Arabidopsis PLDα homologue in the E. grandis resistant plants (Table S2) is most probably linked to local and systemic signalling during P. psidii infection.
The presence of an acyl-CoA-binding protein preferentially expressed in the resistant plants (Table S2) is not surprising considering its potential role in signal transduction. Cytosolic acyl-CoA binding proteins are short, highly conserved proteins that bind acyl-CoA molecules and although these proteins are involved in developmental processes, various authors have suggested their importance in long distance signalling (Chye et al. 1999; Walz et al. 2004) .
Two actin genes (Table S2) were more expressed in the resistant library and this observation is probably linked to the increased expression of two ADP-ribosylation factors. Small ADP ribosylation factor GTP-binding proteins are major regulators of vesicle biogenesis in intracellular traffic (reviewed in Chavrier and Goud 1999) and their preferential expression in the resistant material could indicate that increased membrane vesicle trafficking is important in the host response to P. psidii infection.
Hydrogen peroxide is known to participate in signal transduction, host defence responses (Apostol et al. 1989) and catalase, involved in hydrogen peroxide decomposition, is responsive to environmental stress (Oksanen et al. 2003) . Thus, the differential expression of a catalase gene (Table S2) could have consequences in combating oxidative stress and in pathogen-related signalling. Another upregulated gene related to signalling process found in the resistant library was a serine/threonine kinase (Table S2 ). In barley (Hordeum vulgare L.), a serine/threonine protein kinase was identified as the rust resistance gene Rpg1 (Brueggeman et al. 2006) which would suggest an important role for a serine/threonine kinase in eucalypt rust disease resistance.
The SGT1 gene is a highly conserved component of the SCF. (Skp1/Cullin/F-box protein)-type E3 ubiquitin ligase complex is involved in protein degradation, and Azevedo et al. (2006) showed that SGT1 positively regulates disease resistance conferred by many Resistance (R) proteins. As the SGT1 gene is preferentially expressed in the resistant plants (Table S2) , we would suggest a role for SGT1 in eucalyptus rust (P. psidii) resistance.
Two of the most highly expressed genes in the resistant material were type 1 metallothioneins (Table S2 ) and although their exact role in host defence is still not completely clear, several authors have demonstrated their involvement in combating oxidative stress (Choi et al. 1996; Mir et al. 2004) and their expression at the site of infection during the hypersensitive response (Butt et al. 1998) . In the resistant plants, we observed a preferential expression of two phytochelatin synthetases (PCs) ( Table S2 ) that would suggest a preferential synthesis of peptide phytochelatins. However, Clemens (2006) suggested that PCSs are involved in glutathione-conjugate turnover in plants such that they could contribute to the metabolism of xenobiotics and endogenous toxic compounds within plant cells.
The role of chitinases in the resistance to fungal pathogens is well documented and two studies demonstrated that a chitinase is important in resistance to Puccinia spp. either in the production of fungal elicitors (Munch-Garthoff et al. 1997) or by hydrolysing fungal cell walls (Mohammadi et al. 2002) . As our leaf samples were collected after symptoms of the disease had appeared, we would suggest that the chitinase we observed (Table S2 ) was involved in fungicidal activity in E. grandis.
Conclusions
From the number and type of upregulated genes in the resistant plants, it seems that two responses are occurring and contributing to the resistant phenotype. First, cellular polarisation, which involves massive rearrangement of the cytoskeleton, translocation of cytoplasm and the cell nucleus to the fungal penetration site, and local reinforcement of cell wall by successive deposition of layers of wall material (Schmelzer 2002) . Second, a group of specific anti-pathogen mechanisms including systemic resistance, hypersensitive and oxidative responses that together lead to resistance.
Genes potentially involved in specific host defences against the fungal invader were preferentially expressed in the resistant library, for example, SGT1, isoflavone reductase (phytoalexin production), a class I chitinase, which is recognised as having endochitolytic activity, signalling molecules such as phospholipase D and acyl-CoA-binding protein, and metallothioneins and phytochelatin synthases combating pathogen-induced oxidative stress. There exists a possibility that a HR may have been mounted in the resistant tissues as indicated by the differential presence of catalase, known to participate in HR, but no eucalyptus R gene was encountered. The lack of a classical R gene which would interact in a gene-to-gene manner with an Avr gene from the fungal pathogen P. psidii puts in doubt the induction of a hypersensitive response to contain the fungal invasion. This gene-to-gene mechanism is, however, supported by the evidence that the major resistance genes against Puccinia spp. are of the R gene family, as in the case of maize (Zea mays L.) (Collins et al. 1999) , wheat (Kolmer 1996) and oat (Avena sativa L.) (Yu et al. 2001) . Although eucalyptus R genes, predominantly the LRR-NBS-TIR group, were found in the eucalyptus transcriptome by Barbosa-da Silva et al. (2005) , the sequences of these cDNAs are not yet publicly available. Thus, there exists the possibility that the tags representing these genes are present within the resistant library but remain unidentified. Another important gene, a serine/threonine protein kinase, was also preferentially expressed in the resistant material and this enzyme is related to the mitogen-activated protein kinases that are involved in the cascade regulating plant HR cell death as well as several other defence responses during incompatible interactions between plants and pathogens (Ren et al. 2002) . Fregene et al. (2004) demonstrated the utility of the SAGE technology in the characterisation of genes involved in the host response to infection with the Cassava Mosaic Virus, including those involved in systemic acquired resistance (SAR). This current work indicates that several mechanisms of host defence/resistance are active in the Eucalyptus-Puccinia pathosystem, such as cellular polarisation and a putative hypersensitive response, contributing to generate the resistant phenotype. This is, however, not contradictory to the work of Junghans et al. (2003) that indicates the presence of a major resistance gene. This gene could be any of the above-mentioned genes that is preferentially expressed when the resistant plant is exposed to the pathogen, for example the type I chitinase. Besides this, it was interesting to note that in the 20 mostexpressed tags from each library, eight in susceptible and six in the resistant, represented genes with unknown functions potentially involved in the host response to the pathogen. Therefore, further work is necessary to confirm the role of these resistance genes in this Eucalyptus-Puccinia pathosystem and indicate molecular markers for future marker-assisted eucalypt breeding programs.
